Abstract. Finite element modelling has proved to be an effective tool for the investigation of trends effected by changing welding conditions. This is especially important in mechanical tensioning of friction stir welds because of the large number of parameters involved. In this paper, an FE model is used to examine the effectiveness of the mechanical tensioning technique for controlling residual stresses in FSWs by the investigation of trends caused by changes to the welding parameters. Comparisons between different geometries, traverse speeds, and welding off-axis angle all produced consistent results, and showed that the peak stresses are most strongly influenced by both the local tensioning and heat input, and not by the more global welding conditions. The results also showed a progressive decrease in the residual stresses for increasing tensioning levels and, although affected by the heat input, a relatively low sensitivity to the welding variables. At tensioning levels greater than ~50% of the room temperature yield stress, tensile stresses were replaced by compressive residual stresses within the weld.
Introduction
Friction Stir Welding (FSW) is a solid state welding method that alleviates many metallurgical problems found with fusion welding, such as liquation and solidification cracking [1] . However, FSWs can still suffer from similar levels of residual stress, resulting from the weld's local thermal field [2] . Mechanical tensioning is a process where external loads are applied to an FSW either during or after welding, thereby reducing the permanent misfit caused by the thermal gradients between the weld and parent materials. In this way considerable control can be exerted on the residual stress state of the weld [3] . In this context FE modelling is an invaluable tool as it can clarify the dependency of the stress state on various welding parameters so that these can be optimised. Previously, an FE model was used to investigate the effectiveness of the mechanical tensioning technique [4] . In that model the tool was regarded as a heat source only and the mechanical effects of the tool were ignored. Variables such as power input (representing changes which would result from altering the tool RPM and traverse speed), and plate geometry were also studied. Good general agreement was found between modelling results and residual stress measurements carried out as part of the investigation [4] , and by BAE Systems, ATC, Filton [3] , justifying the assumption that the stress development is dominated by the thermal field.
Additional investigations have now been completed using a modified version of the same model. As a continuation to the previous studies, further changes in welding parameters and weld geometry were again examined to test the robustness of the model, and these results are described below.
FE Model Calibration and Background
The modelling approach adopted was based on the work of Q. Shi, et al [5] and M. Peel [6] and relied purely on the thermal field generated by the welding tool. The metal flow and mechanical effects of the tool were not considered. The implementation of the model using ABAQUS, its calibration and the generation of the heat source, were all described in the previous paper, and so only the principles of the heat source will be reprised here.
The FSW heat source was simulated by using a circular surface source to represent the tool shoulder (Q s ), and a cylindrical volume source to represent the tool pin (Q p ), which were traversed along the weld line using an ABAQUS subroutine. The distribution of the heat flux under the tool shoulder, q s , at a radius, r, was assumed to be linear with angular velocity, based on the work of Y.J. Chao, et al [7, 8] ; given by:
Where R s and R p are the dimensions of the shoulder and pin. Calibration of the heat source was achieved by matching thermal profiles captured by an infrared thermal imaging camera, obtained during the creation of the FSW test coupons, to the model output. Several successive model simulations were run until a reasonable match was obtained, resulting in a shoulder power input, Q s , of 1120W and a pin power input, Q p , of 120W, giving a total power input of 1240W, to represent the welding parameters of 770rpm and 195mm/min. The material and thermal-physical properties used were for a standard AA2024 alloy [9] . This calibration method allowed the heat loss through the tool to be ignored (i.e. the actual tool power would be ~40% higher). The thermal profile generated by this power input was then used for the simulated experiments.
Results and Discussion
Effect of welding variables and geometry In previous studies, mechanical tensioning loads defined in terms of the percentage of the room temperature yield stress for AA2024 (325MPa) had been applied. These same levels of tensioning (10%, 35%, 50% and 70%) were repeated for the ongoing studies. Comparisons were first made between different geometries of plate. Three plate geometries were considered: Standard (1135mm x 250mm x 3mm), Short plate (350mm x 250mm x 4mm), and Wide plate (1000mm x 1000mm x 3mm). These geometries result in volumes of 0.851x10 -3 m 3 , 0.350x10 -3 m 3 and 3x10 -3 m 3 respectively. Heat loss parameters relating to the welding base-plate, retaining clamps and to air were the same for each model.
In Fig. 1 the predicted longitudinal residual stress distributions at the mid-length for the Standard and Short plates for the standard welding conditions are shown. Without tensioning the model predicts a maximum tensile residual stress of 220MPa for both plates. These results match those found previously, and are slightly higher than those results actually measured on Standard-sized plate test coupons [3, 4] . The slight overestimation may be due to the fact that the time dependence of the materials yield stress with temperature and the possibility of creep relaxation were not considered in the model. Tensioning has tended to produce similar residual stresses for the two geometries, with slightly greater differences for the Wide plate. It is clear that increased tensioning gives rise to progressive lowering of the maximum residual tensile stresses. In both cases, up until a tensioning load ~50% of the yield stress, the maximum stresses remained tensile with a characteristic 'M'-shaped profile. Above this level the residual stresses develop in a compressive sense, forming a 'V-shaped' profile with a maximum compressive stress located at the weld centre line.
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Residual Stresses VII, ECRS7 Differences in the stress distribution across the plates can be seen in the two sets of profiles, and these could be down to the differing balancing stresses (buckling stress) being created in the far-field areas of the plates due to their different geometries. The Short plate shows a progressive increase in magnitude of compressive stresses forming outward towards the edge of the plate, which is reduced with increasing applied tensioning. But as well as being shorter, this plate is also a third thicker at 4mm. The Wide plate (not shown) had a similar profile of stress distribution across the plate width as that for the Short plate, but at a slightly reduced magnitude.
In an effort to gain a better understanding of the effects of the differing plate geometries, the maximum peak residual stresses at the weld edge were plotted separately to those at the weld centre, giving a description of the changes in the 'M' and 'V' profiles. These results are shown for all three plate geometries in Fig. 2 . It can be seen in Fig. 2a that there is very little difference between the three plate geometries with respect to the peak 'M' residual stress distribution to be found on each edge of the weld. The Wide plate, being over three times the volume of the other two geometries, does show a higher peak for residual stress for tensioning levels below 50% of the yield stress, but above this it decreases to a level below that for the Standard and Short plates. This is also the case for the 'V' profiles depicted in Fig. 2b . All three plates now show a more distinct difference for the minimum trough values at the centre of the weld, with the profiles crossing over above the 60% tensioning level so that they are reversed at 70%. These results suggest that, for the same power input, the residual stress distribution at the edges of the weld are affected least by changes in plate geometry, while those at the centre of the weld are affected most. This is magnified when the residual stresses become compressive, and the trough at the bottom of the 'V' profile begins to dominate. For the Standard plate there is very little change and the profile is almost uniform over the complete range of applied tensioning. In contrast the changes to the other two plate profiles are almost opposites, as both cross and reverse above the 60% tensioning level.
Using volume as the distinction between each plate, and bearing in mind the original limitation on the boundary conditions where heat loss to the welding base-plate, retaining clamps and to air was kept constant for each model, the conduction of heat away from the weld may be the contributing factor to the changes depicted in Fig. 2 . This would then suggest that the ratio between the peaks and trough in the 'M' residual stress distribution is being affected by the plate geometry according to the amount of heat being conducted away from the weld area. The Short plate, with the smallest volume at 0.350x10 -3 m 3 , has the lowest profile for tensile residual stress at the weld centre (and therefore must experience the highest temperature), while the Wide plate has the highest volume and profile. As the 'V' profile dominates at the higher tensioning levels, when the residual stresses become compressive, this would suggest that mechanical tensioning could be significantly improved by this phenomena.
As an additional form of investigation, the standard power input of 1240W applied to the Standard plate at 195mm/min was now supplemented by altering the traverse speed to 100mm/min and 300mm/min. With the same model and boundary conditions being used in each case, only the speed at which the heat source traversed the weld would differ, resulting in a slight change to the amount of heat applied to the weld. The results of this study are shown in Fig. 3 . Fig. 3a it can be seen that there is very little difference between the peak residual stress profiles at the edge of the weld for all three traverse speeds for tensioning levels below 50% of the yield stress. Above this point there is a progressive improvement in the affects of mechanical tensioning according to each decrease in speed. While the profile for the standard welding condition of 195mm/min shows the least change over the complete range of applied tensioning, the change in profile for the 100mm/min speed is almost double that for the 300mm/min speed. The reasons for this can be seen more clearly in Fig. 3b , where the different traverse speeds result in different trough residual stress profiles at the centre of the weld. As before, the standard welding condition of 195mm/min shows little change over the complete tensioning range, while the 100mm/min speed is slightly lower. The largest difference is shown for the 300mm/min profile, which responds less favourably to the applied mechanical tensioning above the 50% level. 
Residual Stresses VII, ECRS7
The differences in the peak and trough residual stress profiles shown in Fig. 3 would suggest that, as expected, the different temperatures applied to the weld are having a corresponding effect on the residual stress being created. However, as with the profiles depicted in Fig. 2 , the effect of these differences in temperature, either as a result of different conduction rates or different traverse speeds, manifests itself in a reduction of the trough in the 'M' and 'V' residual stress distribution across the weld. This in turn leads to increased levels of compressive residual stress being produced for tensioning levels above 50% of the yield stress.
The effect of asymmetric welds and geometries was also investigated by the creation of a model comprised of the Short plate geometry, but with a weld that was 6 o off-axis from the centre line (the angular rotation of the weld being centred on the centre of the plate -see Fig. 4 ). The predicted longitudinal residual stress distribution for this simulation is shown in Fig. 5 , compared with the parallel weld Short plate. In Fig. 5a , peak residual stress profiles at the edge of the weld indicate a decrease in stress level for the retreating side of the weld that is balanced by an almost equal increase in stress on the advancing side, suggesting that for asymmetric welds, the reduction in stress level is more effective on the retreating side. The profiles straddle that for the parallel weld Short plate, also suggesting that, for low angles at least, the tensioning process is still viable. In Fig. 5b , the minimum trough residual stress profiles are indistinguishable from one another. This is due to the deformation of the 'M' and 'V' shapes caused by the asymmetrical weld geometry, where the stress distribution is pulled towards the retreating side by the mechanical tensioning. This effect is shown in Fig. 6a .
A final investigation was carried out on a model comprising of a standard Short plate modified by tapering each side parallel to the weld line by 6 o . The weld was along the centre line as normal. Predicted values of maximum longitudinal residual stress normalised over the length of the plate are shown in Fig.  6b . The results show that the tensioning effect is not greatly influenced by the global plate geometry, as the peak stresses along the length of the weld are reduced in line with previous results for the parallel-sided Short plate, thereby indicating that the peak stresses are most influenced by the local tensioning applied at that point in the weld. o tapered plate geometry. All using the standard welding input power of 1240W and 195mm/min traverse speed.
Conclusions
The residual stress models developed have shown reasonable agreement with published data [3] and a calibration sample measured by neutron diffraction [4] . The simulations and measurements showed a progressive decrease in the residual stresses with increasing tensioning applied during welding. This continued until 50% of the yield stress at room temperature was exceeded, at which point the tensile stresses in the weld were eliminated and replaced by increasing levels of compressive stresses. The models have proved to be effective tools for the investigation of the effectiveness of mechanical tensioning for controlling residual stresses in FSW's, and for the identification of trends caused by changes to the welding parameters. Comparisons between different geometries, traverse speed, and welding off-axis angle all produced consistent results, and showed that the peak stresses are most strongly influenced by both the local tensioning and heat input, and not by the global welding conditions.
